Event-related potentials (ERPs) were recorded for ignored tones presented during the retention interval of a delayed serial recall task. The mismatch negativity (MMN) and N1 ERP components were measured to discern spatiotemporal and functional properties of their generation. A nine-token sequence with nine different tone pitches was more disruptive than an oddball (two-token) sequence, yet this oddball sequence was no more disruptive than a single repeating tone (one-token). Tones of the nine-token sequence elicited augmented N1 amplitudes compared to identical tones delivered in the one-token sequence, yet deviants elicited an additional component (MMN) with distinct temporal properties and topography. These results suggested that MMN and N1 are separate, functionally distinct components. Implications are discussed for the N1 hypothesis and the changing-state hypothesis of the disruption of serial recall performance by auditory distraction.
The mismatch negativity (MMN; Na¨a¨ta¨nen, Gaillard, & Ma¨ntysalo, 1978 ) is a frontocentrally distributed, relatively long-lasting component of the auditory event-related potential (ERP) that occurs in response to ''deviant'' sounds that violate some acoustic regularity. The auditory oddball sequence is the simplest paradigm in which MMN is investigated. In this paradigm, low-probability deviant sounds are interspersed among a repeating sequence of a highly probable ''standard'' sound, from which the deviant sounds differs in one or more acoustic features. Violation of some regularity in the preceding auditory stimulation, as occurs within an oddball sequence, is necessary for the elicitation of MMN (Na¨a¨ta¨nen & Winkler, 1999) . In contrast, the auditory N1 waveFa frontocentrally negative ERP response occurring approximately 100 ms after stimulus onset (Na¨a¨ta¨nen & Picton, 1987) Fis elicited by the onset of any abruptly commencing sound. The N1 amplitude is augmented by sound change even when acoustic change does not violate any preceding regularity. For example, relative to a sequence containing one repeated sound, ERPs exhibit an N1 amplitude enhancement when recorded from sequences in which each sound differs from the preceding sound (Campbell, Winkler, & Kujala, 2005; Campbell, Winkler, Kujala, & Na¨a¨ta¨nen, 2003; Jacobsen, Schro¨ger, Horenkamp, & Winkler, 2003) .
The auditory N1 and MMN usually overlap in time. The current investigation aimed at testing whether N1 and MMN exhibit distinct spatiotemporal and functional characteristics. This issue has become controversial once more, since a recently proposed explanation of MMN has cast this component as a temporally modulated N1 response that is subject to an adaptation process characterized by differential attenuation of two N1 subcomponents upon repeated stimulation (Ja¨a¨skela¨inen et al., 2004) . Thus, the detection of auditory regularities would not be a necessary prerequisite for recording an MMN-like wave; rather an acoustic change would be sufficient for its elicitation. The adaptation process assumed by Ja¨a¨skela¨inen et al. only requires that a given neuronal element has been recently stimulated, such that this element has become less responsive upon subsequent stimulation (cf. ''refractoriness''; Alcaini, Giard, The´venet, & Pernier, 1994; Barry, Cocker, Anderson, Gordon, & Rennie, 1992; Butler, 1968; Woods & Elmasian, 1986) . Accordingly, rare ''deviant'' stimuli in an oddball sequence activate fresh afferent neuronal elements and thus result in an augmented response compared with the adapted (partially refracted) response elicited by the repeating ''standard'' sound.
There still remains much evidence that is difficult to reconcile with the N1 adaptation view of MMN (for a summary of the arguments comparing the memory-mismatch and the N1 adaptation explanation of MMN, see Na¨a¨ta¨nen, Jacobsen, & Winkler, 2005) . MMN can be elicited by stimulus omissions whereas N1 is not elicited (Yabe et al., 1998) . However, this omission MMN could be the biproduct of oscillatory neuronal populations that are organized into columns, each of which is tuned to a rhythmical stimulation of a specific stimulus onset asynchrony (May & Tiitinen, 2001 , 2004 . That is, neuronal firing continues to oscillate upon cessation or interruption of that rhythmic stimulation within the column that corresponds to the cycle of the preceding stimulation. The continuation of oscillation could emerge as an omission MMN. Accordingly, there would seem to be no need for recourse to a distinct mechanism for the generation of omission MMN, other than the neuronal population that also generate N1. However, MMN to omissions have been obtained with a variable stimulus onset asynchrony (Ocea´k, Winkler, Sussman, & Alho, 2006) . Furthermore, corroborative evidence for MMN elicitation without a corresponding N1 has been obtained with the event-related optical signal technique. It was shown that an MMN is elicited by tones of 25 ms duration with respect to a 75-ms standard tone, even though the 25-ms tone is too short to elicit N1 of a size comparable to that produced by the 75-ms standard (Rinne et al., 1999) .
Another argument against the N1 adaptation view of MMN stems from the assumption that the activation of the neuronal population that generates N1 is time-locked to sound onset. By contrast, MMN can be obtained with latencies that are well beyond that of N1, for example, by using duration deviants (Na¨a¨ta¨nen, Paavilainen, & Reinikainen, 1989) . MMN also peaks later than N1 when the auditory change is harder to discern, for example, by making the difference in frequency between the standard and deviant only just noticeable (Winkler, Tervaniemi, & Na¨a¨ta¨nen, 1997) . However, latency difference does not reliably separate N1 and MMN, because some N1 subcomponents fall into the usual latency range of MMN (Na¨a¨ta¨nen & Picton, 1987) , long sounds evoke offset N1 type of responses, and adaptation can delay some constituents of the N1 response (see below).
Recent in vivo investigations of primary auditory cortical neurons in cats have revealed cells adapting to pitch repetition, responding with an increased spike rate and delayed latency to pitch change (Moore, 2003; Ulanovsky, 2004; Ulanovsky, Las, Farkas, & Nelken, 2004; Ulanovsky, Las, & Nelken, 2003) . These neurons exhibit hyperacuity (Ulanovsky et al., 2003) , such that these cells are as or possibly more sensitive to small pitch changes as the corresponding just noticeable difference (JND) determined psychophysically in humans (Moore, 2003) . Those afferent neuronal populations, which are tuned to the features of the standard sound and undergo the above-described stimulus specific adaptation (SSA), become less responsive upon subsequent presentations of the standard sound. These neuronal populations would then respond more vigorously to a sound that differs from the standard, thus yielding an augmented neuronal response to deviants. The adapted afferent neurons are regarded by some as the memory trace assumed to underlie MMN generation (Ulanovsky, 2004) . Thus, unlike the thalamic neurons of the medial geniculate body, which are not subject to SSA, these primary auditory cortex neurons could be involved not only in feature detection but also in ''higher level'' functions, such as novelty detection, change detection, and sensory memory. If auditory cortical neurons undergoing SSA are involved in the generation of both the N1 and the MMN component, this would substantially strengthen the arguments for the N1 adaptation explanation of MMN.
One argument against the N1 adaptation view of MMN is that MMN can be elicited without stimulus repetitions that would induce N1 refractoriness (Korzyukov, Winkler, Gumenyuk, & Alho, 2003; Paavilainen, Simola, Jaramillo, Na¨a¨ta¨nen, & Winkler, 2001; Saarinen, Paavilainen, Schro¨ger, Tervaniemi, & Na¨a¨ta¨nen, 1992) . However, Ulanovsky's (2004) findings raise the possibility that afferent auditory cortical neurons serving the coding of higher level interstimulus relations, such as pitch increments between successive sounds, could also be subject to SSA. If this were the case, for which, as yet, there is no direct evidence, an MMN response could be elicited due to adaptation. On the other hand, if such neurons existed, would they also be involved in the generation of the N1 response? No known property of the N1 response matches the operation of adaptable afferent neurons sensitive to abstract interstimulus relationships (Na¨a¨ta¨nen & Winkler, 1999) .
Further, it is difficult to reconcile with the N1 adaptation view that MMN and N1 have different scalp distributions (Alho, 1995) and generator loci (Korzyukov et al., 1999; Opitz, Schro¨ger, & von Cramon, 2005) . N1 and MMN are also differentially affected by some clinical states and pharmocological substances (Javitt, 2000; Javitt, Steindschneider, Schroeder, & Areszzo, 1996; Pekkonen, 2000; Pekkonen et al., 2002; Umbricht et al., 2000) . Specifically, the observed cholinergic modulation of MMN to pitch change contrasts with the primarily dopanergic and serotonergic modulation found for N1. However, the theoretical approach described in Ulanovsky's (2004, pp. 78-79) thesis may provide an explanation for these effects by distinguishing overall neuronal responsiveness from SSA. For instance, differences in the distribution of MMN and N1 may arise from strong responses in one auditory cortical area that contribute to the N1 response, combined with a weak SSA effect yielding a low amplitude MMN from that area. In contrast, a weak response in a separate auditory cortical area may produce a small contribution to N1 combined with a strong SSA effect resulting in a robust MMN. These brain areas would thus be (1) differentially responsive and, independently, (2) differentially sensitive to SSA, whereas N1 and MMN generation would still be based on the same mechanism and modulated by the same SSA process in both auditory brain areas (for a similar argument, see Ja¨a¨skela¨inen et al., 2004) . Such a theoretical viewpoint, in a slightly reconceived form (Ulanovsky, 2004, pp. 84-86) , could also account for the observed clinical and pharmacological effects dissociating N1 and MMN. Yet caution is warranted, as it should be considered that much of the evidence needed to support Ulanovsky's theory still requires extensive experimental verification. Indeed, necessary investigations, which would be required to test the validity of Ulanovsky's theory, include the mapping of auditory cortical responsiveness and SSA sensitivity, together with how these areas contribute to N1 and MMN.
Some of the most compelling arguments against the N1 adaptation explanation of MMN stem from investigations that have controlled for the refractoriness effects occurring in oddball sequences. These effects of refractoriness were controlled for by recording ERPs from sequences presenting several different tones with equal probabilities in a randomized order (Jacobsen & Schro¨ger, 2001; Jacobsen et al., 2003; Schro¨ger & Wolff, 1996 ; see also Opitz et al., 2005) .
The notion here is that presenting the same sound (the oddball deviant) with equal temporal and sequential probability in a many-sound (many-token) sequence (large token set size, equal probability) as in an oddball sequence (two tokens, unequal probabilities) results in an approximately equal refractoriness in the neuronal elements specifically responding to the ''deviant'' sound. Thus the contribution of the refracted N1 generators to the ERP response would be near identical for the oddball deviant and for the same ''control'' sound delivered in the multitoken sequence. Therefore, if these two responses differed from each other, the difference could not be attributed to the refracted N1 generators, but must reflect a neuronal process specific to deviation from a repeating sound. Indeed, it has been found that infrequent deviant sounds delivered within an oddball sequence elicit a ''genuine'' MMN component on top of the augmented N1 amplitude (Jacobsen & Schro¨ger, 2001; Jacobsen et al., 2003; Schro¨ger & Wolff, 1996) .
It is important to note that, comparing the deviant-stimulus response with that elicited by the standard sound, a refractoriness-associated N1 enhancement is also to be expected, because the lower the probability of a given sound, the longer the interval between successive presentations of this sound. Thus, there is more time for the afferent neurons that are activated by this sound to recover from the effects of the previous stimulation. In turn, the average N1 amplitude increases with increments in token set size even when the different tokens are delivered with equal probability (Campbell et al., 2003 Jacobsen et al., 2003) .
However, the refractory status of the N1 generators may not be exactly equal in the oddball and the many-token sequences. This is because most afferent neurons preferentially react to a range of the parameters separating the standard and the deviant sound (e.g., most N1-generating neurons respond to sounds containing frequencies within a narrower or wider range). Therefore, the refractory state of those neuronal elements, which are activated both by the frequent standard and the rare deviant stimulus, cannot be fully equated to the refractory state of those neurons that respond both to the ''deviant'' sound and also to one or more of the various other sounds of the multitoken sequence. Thus the refractoriness control provided by the manytoken sequence may either over-or underestimate the contribution of the refracted N1 generators to the deviant-stimulus response in the oddball sequence. An additional weakness of the investigations that have implicated a control for refractoriness is that in these studies, N1 and MMN have been elicited at separable latencies as occurs when the pitch separation between tonal stimuli is small (Jacobsen & Schro¨ger, 2001; Jacobsen et al., 2003) . While this latency difference of MMN and N1 could be taken to reflect distinct underlying componentry, it could also, though rather tenuously, be taken to reflect that MMN is a temporal modulation of an N1 process, as would be consistent with the assumptions of the N1 adaptation account of MMN (Ja¨a¨skela¨inen et al., 2004) . There is thus the need to demonstrate that even when MMN occurs in the same latency range as N1, there is something additional to the release from refractoriness of N1 seen when a deviant is presented. Therefore, in the current investigation a wider pitch separation between tones was used, resulting in full temporal overlap between MMN and N1.
The current experiment was designed to test three hypotheses regarding the separation of N1 and MMN. (1) If MMN were distinct from N1, the amplitude of the overlapping MMN and N1 response to the deviant should be larger than the enhancement of the N1 produced by an increase in set size alone. This assumption is termed the MMN-N1 additivity hypothesis. (2) If MMN were distinct from N1, then a wave summing N1 enhancement and MMN should possess a scalp topography that is different from the pure N1 enhancement obtained with increases in token set size. This assumption is termed the distribution hypothesis. (3) If MMN were distinct from N1, then the neural processes underlying N1 and MMN could have different effects on concurrent cognitive performance. This assumption is termed the functional hypothesis.
As there are grounds to assume memorial functions both of MMN and the adaptation of N1 (Na¨a¨ta¨nen et al., 2005; Ulanovsky, 2004; Ulanovsky et al., 2004) , it is vindicated to test the functional hypothesis in an investigation of the possible disruptive effects of these components upon the retention of information in memory. With regards to possible functional differences between MMN and N1, previous investigations have revealed a significant increase in memory disruption with increments in the number of different types of sounds (tokens) in an ignored sound sequence (Campbell, Beaman, & Berry, 2002; Tremblay & Jones, 1998) . Campbell et al. (2003 Campbell et al. ( , 2005 found that an increase in memory disruption coincided with an increase in the amplitude of N1 (the ''N1 hypothesis''; see Campbell et al., 2003) . Accordingly, the N1 hypothesis of memory disruption predicts that factors related to increases in N1 will also be related to increases in the disruption of performance produced by ignored sounds during a delayed serial recall task. Conversely, the current functional hypothesis suggests that factors unrelated to N1, such as those related to the possibly distinct MMN should not influence performance on this serial recall task. Thus, deviant stimuli eliciting MMN would not produce an additional disruption of performance on top of that associated with the N1 enhancement. Alternatively, if the memory implicated in MMN plays a role in memory disruption, possibly by interference, then manipulating parameters of this memory should affect the memory-disrupting potential of the sound sequence. This experiment thus investigated the effects of the accumulation of memory for the standard during an oddball sequence by comparing conditions when a long prelude of standard tones was either present or absent. Such a prelude does under certain circumstances increase the MMN response to subsequent deviants (Cowan, Winkler, Teder, & Na¨a¨ta¨nen, 1993) .
Methods

Volunteers
Fifteen university students and members of the public volunteered in exchange for a small honorarium. The experiment was undertaken with the understanding and written consent of each volunteer according to the Declaration of Helsinki. During the experiment, volunteers were seated in an acoustically and electrically shielded room of the Cognitive Brain Research Unit, Department of Psychology, University of Helsinki. Five volunteers had to be excluded due to technical failures and 1 volunteer was excluded due to excessive electrical artifacts (81.3% of epochs, whereas the rejection of 30% of epochs due to artifacts was otherwise typical for the remaining participants). Data, both behavioral and ERP, from the remaining 9 volunteers are reported.
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The ages of the remaining volunteers (2 men) ranged from 19 to 27 years with a mean age of 24 years. All reported intact hearing and normal or corrected-to-normal vision. All but 1 reported being right-handed.
Stimuli and Procedure
The structure of the trials is shown in Figure 1 . Rows starting with a ''1'' sign show the task-relevant (to-be-memorized) stimuli. On each trial, 4.716 s before the onset of the to-be-remembered list, a fixation cross (1) appeared in the center of the computer screen. After 2 s, a tone was presented to warn volunteers that the list was about to be presented. The screen then went blank (black) for 200 ms and a list of nine to-be-recalled items was presented. The list consisted of the numbers 1 to 9 in a random order that contained no easy-to-remember sequences. Each digit was presented for 800 ms with an interitem interval of 200 ms, during which the screen was blank. Digits were presented in the center of the computer screen, at a size of 45-55 mm in white Helvetica font on a black background. Viewing distance was 1.50 m. Volunteers were required to attend to the digits. A 15.042-s retention interval followed list presentation, during which the word ''ODOTA'' (meaning ''wait'') appeared in the center of the screen. During this period, volunteers were required to silently rehearse the list items. At the end of the retention interval, the screen was again blank for 200 ms, and then the word ''KIRJOITA'' (''write'') appeared for 9.8 s, followed by the fixation cross that preceded the next list. During this ''write'' period, volunteers were required to write down the digits in a strictly left to right fashion, without correction, while attempting to preserve the correct serial order and position of items, leaving a ''/'' when uncertain about an item. Volunteers initiated the first trial by saying that they were ready; subsequent lists were then presented at a regular interval.
During the presentation of the to-be-remembered items and/ or the retention interval, sounds were delivered binaurally via MMN, N1, and auditory distraction 533 Rows depict examples of trials constituted by a fixation cross followed by a sequence of visually presented digits, delivered one at a time, and followed by the instruction text ''WAIT,'' which was then replaced by the instruction text ''WRITE.'' The row of letters shown below the row of numbers denotes sounds presented alongside the to-beremembered material. Each of the six different types of trial depicted were presented exactly once during a cycle. One-token sequences repeated a single sound, the standard (marked with S), which was, in separate cycles, either 500 Hz or 1072 Hz in frequency. In the oddball sequences, when the standard was 500 Hz, the ''deviant'' ''D'' was 1072 Hz and vice versa. In the ninetokens condition, the ''control'' tone ''d'' was always identical to the deviant sound, and the tone marked ''s'' to the standard sound. The other seven tones in the nine-token condition, marked a, b, c, e, f, g, h, were 341, 413, 605, 732, 886, 1297, and 1569 Hz in frequency, respectively. Volunteers were instructed to ignore the sounds and to retain the attended visual digits in correct serial order until the recall cue ''WRITE,'' when they tried to write down the digits in the correct order. The analysis period is highlighted by grey background in the letter sequences of the one-token trials and by the dashed line at the bottom of the figure. On prelude sequences, 29 tones preceded the analysis period, whereas on no-prelude sequences 27 of these tones followed the analysis period.
1-token : Prelude
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
1-token : No Prelude
headphones, which the volunteers were required to ignore (Figure 1 , letter strings below the task-relevant stimuli). These ignored sounds were presented at 85 dB(A). Precaution was taken that the onsets of tones were not in audiovisual alignment such that the onset of each tone occurred at least 100 ms after the onset of a visual stimulus. Each ignored tone was a fast square wave, with 5 ms rise and fall times, digitized at 11 kHz to 8-bit resolution and lasted 100 ms with an interitem silence of 227 ms. There were six blocks of trials, each consisting of 4 six-trial cycles (24 trials per stimulus block, 144 trials altogether), during which each of the six auditory sequence type conditions (see below) was presented exactly once, the order varying from cycle to cycle (altogether 24 trials per auditory sequence type condition). Ninety-second breaks intervened between blocks, with the exception of the third block, after which an $ 5-min break was taken. A typical cycle is depicted in Figure 1 .
In the one-token conditions, a single tone (marked ''S'' in Figure 1 ) of 500 or 1072 Hz frequency (in separate cycles) was repeated. In accordance with the terminology used in the literature on the cognitive psychology of auditory distraction, the homogeneous tone sequence is termed as one-token (i.e., a single stimulus item, or token, is repeated). The oddball conditions differed from the one-token conditions in that five deviants (denoted by D in Figure 1 ) were presented during the ''analysis period'' of the retention interval of each oddball trial. These oddball sequences contained two different tokens. However, due to the unequal probabilities with which the two different tones were delivered, ''oddball'' is a more descriptive name. The analysis period lasted across the 3rd to the 19th sound presented during the retention interval; this period is highlighted with a light grey background in the letter sequences of the one-token trials and by the dashed line at the bottom of Figure 1 . The frequencies of the ''S'' (standard) and ''D'' (deviant) tones were always exchanged between consecutive cycles. The choice of S and D tones on the first cycle was counterbalanced across volunteers. Thus, to each volunteer, in the oddball condition 500-Hz standard and 1072-Hz deviant tones were delivered on half the trials, vice versa on the other half of trials.
In the nine-token conditions, nine tones of different frequencies (341, 413, 500, 605, 732, 886, 1072 (341, 413, 500, 605, 732, 886, , 1297 (341, 413, 500, 605, 732, 886, , and 1569 were presented with equal probability in a pseudorandom order, which was constrained to allow the ''d'' tones (highlighted by black background on nine-token trials depicted in Figure 1 ) to be presented at the same times as the acoustically identical D (deviant) tones in the corresponding oddball trial (see Figure 1) . The tones identical to the S (standard) of the oddball sequence are denoted with the letter ''s'' in the nine-token sequences on Figure 1 . Randomization was also constrained so that no tone could be repeated within the nine-token sound trains.
A prelude of 27 tones was presented alongside the to-be-remembered items on half of the trials (termed ''prelude'' trials). These prelude tones were followed by two additional tones that always preceded the analysis period. On the corresponding ''noprelude'' trials, a sequence of 27 tones, which was identical to the prelude, followed the analysis period, whereas in the prelude trials, the tone sequence stopped at the end of the analysis period. Overall, the same number of tones was presented in corresponding prelude and no-prelude trials.
Analysis of the Behavioral Responses
Behavioral responses were scored with a strict serial position criterion. Error probabilities were then collapsed across serial positions, separately for each condition, thus yielding a mean error probability separately for each of the six auditory sequence type conditions. These mean error-probability data were entered into an Auditory Sequence-type (one-token, nine-token, Oddball) Â Prelude (present, absent) repeated-measures analysis of variance (ANOVA). Planned comparisons were conducted contrasting error probabilities, first, between one-token and oddball conditions and, second, between the oddball and nine-token conditions.
EEG Recording and Analysis
EEG was recorded with a 30-channel array of electrodes that were evenly distributed across the scalp (Virtanen, Rinne, Ilmoniemi, & Na¨a¨ta¨nen, 1996 ; for a specific description of the electrodes locations on the 30-channel cap, see Campbell et al., 2005) . The common reference electrode was attached to the nose. Horizontal eye movements were monitored with a bipolar setup; the two electrodes were attached laterally to the outer canthi of the eyes. Vertical eye movements were monitored using the frontopolar electrodes (Fp1, Fpz, Fp2) on the cap against the common reference. To record mouth and tongue movements, an additional electrode was placed on the submandibular surface and differentially amplified relative to an electrode located on the right masseter muscle. The bioelectric potentials were amplified within frequency limits (0-30 Hz) and digitized online (500 Hz, NeuroScan SynAmp system). EEG was then filtered (0.1-30 Hz) off-line and epochs of 756 ms starting 100 ms before each sound were extracted. Epochs in which the EEG or EOG signal exceeded AE 50 mV were rejected from further analysis.
For prelude and no-prelude sequences, separately, auditory ERPs were averaged within the analysis period (across the 3rd to 19th sounds presented during the retention interval; for a similar approach, see Kopp, Schro¨ger, & Lipka, 2004 , separately for standards (''S'') in the one-token sequence, the deviants in the oddball sequences (''D''), and the corresponding control tones (''d'') in the nine-token sequences (see Figure 1 ). This averaging was done separately for each of the two frequencies investigated (500 and 1072 Hz). These average ERPs were off-line digitally rereferenced to the average voltage measured over all scalp electrodes (Virtanen, Ahveninen, Ilmoniemi, Na¨a¨ta¨nen, & Pekkonen, 1998) . ERPs were then collapsed across the two frequencies, separately for each of the six auditory sequence type conditions.
ERPs were baseline corrected with the mean voltage during the 100-ms prestimulus period. In the poststimulus range of 80-160 ms, where N1 and MMN were expected to appear with maximal negative amplitude over frontocentral scalp electrodes and maximal positive amplitude at the mastoid electrodes (M1 and M2, the left and right mastoid leads), ERPs were resampled from 500 Hz to 10 kHz by cubic spline interpolation (de Boor, 1978) . Latencies could be expressed after this resampling with a resolution of 1/10th of a millisecond. This temporal resolution is identical to that offered by many commercial software packages (e.g., Neuroscan Stats). The purpose of improving the resolution of latency measurements was to maximally utilize the information available in the EEG recording for finding possible differences between N1 and MMN.
For amplitude measurements, sections (see below) of the original (500-Hz digitized) ERPs were resampled using a cubic spline interpolation at 2 kHz with a view to enhancing the accuracy of the amplitude measurement without forsaking computational efficiency. After resampling, the windows could be 534
T. Campbell, I. Winkler, and T. Kujala centered on the measured peak latencies. To calculate the resampled waveform within the measurement windows, original samples were used between and inclusive of the nearest sample before the onset of the window up until the nearest sample after the whole duration of the window. Frontocentral N1/MMN amplitudes were averaged from 10-ms-long windows centered condition-wise upon the grandaveraged negative Fz peak found in the 80-160-ms range. N1/ MMN amplitudes at the mastoid leads were averaged from 10-ms-long windows centered condition-wise on the mean of the grand-averaged positive peak latencies measured at M1 and M2.
For the N1/MMN wave, amplitudes and latencies were computed for a 3 Â 3 array of aligned electrodes (AF3, AFz, AF4, F3, Fz, F4, C3, Cz, and C4) and from M1 and M2. Four repeated-measures ANOVAs were conducted. The average of the frontocentral N1 peak latencies (mean of the peak latencies at all nine frontocentral leads) and, separately, the average of the two mastoid N1/MMN peak latencies were submitted to ANOVAs of the structure Auditory Stimulus-type (present, absent) . Frontocentral N1/MMN amplitudes were submitted to an ANOVA of Auditory Stimulus-type (standard, control, deviant) Â Prelude (absent, present) Â Frontality (AF, F, C) Â Laterality (3, z, 4). The mastoid N1/MMN amplitudes were submitted to a separate Auditory Stimulus-type (standard, control, deviant) Â Prelude (absent, present) Â Laterality (M1, M2) ANOVA.
Throughout the ANOVA analyses, post hoc Neuman-Keuls tests were conducted as appropriate to further specify significant results. For all analyses, the critical a level was set to .05 and Geisser-Greenhouse correction was used as appropriate. Effect sizes are reported as partial eta squared. All significant results are described in the text.
Results
Behavioral Data
The pattern of mean error probabilities (one-token: 0.401 % oddball: 0.401onine-token: 0.443) showed a significant effect of auditory sequence type that revealed a disruptive advantage of the nine-token sequences over the other two conditions, F(2,16) 5 4.93, p 5 .031, e 5 .82, Z p 2 5 .38, (ANOVA structure: Auditory Sequence-type [one-token, nine-token, Oddball] Â Prelude [present, absent] ). Critical planned comparisons revealed that there was no significant disruptive advantage of oddball over one-token sequences, Fo1, whereas there was a significant disruptive advantage of nine-token sequences over oddball sequences, F(1,8) 5 12.75, p 5 .007, Z p 2 5 .62, which caused the significant main effect of auditory sequence type. The main effect of prelude was not significant, F(1,8) 5 2.39, n.s., e 5 1, Z p 2 5 .23, nor did prelude significantly interact with the type of the auditory sequence, Fo1. Thus nine-token tone sequences disrupted performance in the concurrent memory task significantly more than either one-token or oddball sequences, whereas the oddball sequences produced no significant increase in memory disruption compared with one-token sequences. Figure 2 shows the anterior-frontal, frontal, central, parietal, and mastoid responses to one-token, oddball-deviant, and nine-token control tones. Auditory sequence type had substantial effects both on the frontocentrally negative and the mastoid positive waves peaking between 100 and 160 ms. In contrast, no significant effect of the presence or absence of prelude can be discerned from the figure. The following sections provide a detailed description of the analyses of latencies and amplitudes. .76, with significant differences obtained in the post hoc tests (standard: À 1.2264control: À 2.5064de-viant: À 4.013 mV; pso.005). Neither laterality, F(2,16) 5 0.84, n.s., e 5 .98, Z p 2 5 .1, nor frontality, F(2,16) 5 3.37, n.s., e 5 .66, Z p 2 5 .3, showed a significant main effect. However, the influence of auditory stimulus-type on the MMN/N1 amplitude varied with frontality, as is apparent in Figure 3 . This was confirmed by the ANOVA result showing a significant interaction between auditory stimulus-type and frontality, F(4,32) 5 5.2, p 5 .016, e 5 .53, Z p 2 5 .39. Post hoc comparisons of auditory stimulus type effects revealed that amplitudes in response to the control tones were larger than those to standards, as were deviant responses compared with the control responses at each level of the frontality ANOVA dimension, all pso.001.
ERP Data
N1/MMN Peak Latencies
To further consider the nature of this Auditory Stimulus-type Â Frontality interaction, pairs of levels were analyzed separately, which resulted in four ANOVAs with two levels of frontality and two levels of auditory stimulus-type each. Because laterality and the presence versus absence of a prelude showed neither main effects nor interactions with the other dimensions, for this analysis, amplitudes were averaged over the two prelude conditions and three electrodes of each line of ''frontality'' (see Figure 3 for [absent, present] ), which was caused by a significantly larger response amplitude elicited by the deviant compared with the control tone (Figure 2) , po.001. In contrast, the difference between standard and control response amplitudes was not significant, p 5 .507.
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Discussion
The results showed that MMN and N1 were distinct in terms of overall amplitude, latency, and distributional properties and that N1, rather than MMN, could be related to auditory distraction. These results are discussed below in terms of the three hypotheses proposed in the Introduction regarding the separation of the N1 wave from the MMN component.
First, the ''MMN-N1 additivity hypothesis'' assumed that, if N1 and MMN were distinct ERP responses, then the amplitude of the frontocentral negativity in the N1/MMN latency range, elicited by deviants, would be higher than that elicited by identical tones presented within sequences of several different equiprobable tones. In support of this hypothesis, both the frontocentral and mastoid responses elicited by deviants were higher in amplitude relative to both one-token standards and nine-token controls. This result corroborates those of previous investigations (Jacobsen & Schro¨ger, 2001; Jacobsen et al., 2003; Schro¨ger & Wolff, 1996) , which showed that a ''genuine MMN'' can be obtained by comparing the ERP response elicited by infrequent deviants with those elicited by the same sounds when they are delivered with the same sequential probability within a sequence in which each of several different sounds appears with equal probability.
Although this result is fully compatible with the concept of distinct N1 and MMN generators, the criticism raised in the Introduction against previous similar investigations ( Jacobsen & Schro¨ger, 2001; Jacobsen et al., 2003; Schro¨ger & Wolff, 1996) also applies here. That is, it is not possible to determine how well the refractory status of the afferent neurons responding only to the control tones (from the nine-token sequences) matched that of the neurons responding only to the deviant tones (from the oddball sequence). This a priori criticism alone does not militate strongly against the MMN-N1 additivity hypothesis. Indeed, further evidence corroborative of the MMN-N1 additivity hypothesis could reside within the different patterns of the frontocentral and mastoid N1/MMN peak latencies. Whereas frontocentrally, the N1/MMN peak latency monotonously decreased with increasing set sizes, at the mastoids, the peak latency of the deviant-stimulus response was approximately equal to the corresponding measure from the nine-token sequence. This result is, again, compatible with the assumption of a distinct generation processes for N1 and MMN. However, it could be possible to strain the assumptions of the N1 adaptation explanation of MMN (Ja¨a¨skela¨inen et al., 2004 ) that these deviance-related latency effects might be explained by differential adaptation of some N1 generation process.
According to the ''distribution hypothesis,'' the peak of the MMN response should exhibit scalp topography distinct from those of the N1 enhancements obtained with increases in set size. The results showed exactly that (Figures 2 and 3) . The enhancement of N1 with increases in set size exhibited a more frontal and central than anterior frontal distribution, whereas the difference between the oddball deviant and nine-token control tone responses showed a more anterior frontal and frontal than central distribution. These differences in distribution were apparent in the pattern of significance: The set size enhancement of ninetoken over one-token responses (N1) was similar over frontal and central sites, yet was attenuated at anterior-frontal sites; the oddball-deviant over nine-token control enhancement (MMN) was stable over frontal and anterior-frontal sites, yet was attenuated at central sites. This significant anterior-frontal/frontally distributed MMN and frontocentrally distributed N1 was also consistent with previous results regarding the scalp-distribution differences between N1 and MMN (Alho, 1995) . Thus these results were compatible with the notion of a different configuration of generators for the N1 and MMN components. However, the N1 adaptation explanation of MMN (Ja¨a¨skela¨i-nen et al., 2004) might also explain this result by differential refractory features of the various N1 subcomponents.
Third, a ''functional hypothesis'' was proposed. According to this hypothesis, increasing the number of changes within the ignored sequence of soundsFirrespective of whether those changes elicit an MMN or notFwill produce increasing memory disruption in the primary task. This hypothesis is based on the view that change is a condition for the disruption of serial recall performance by auditory distraction (Jones, 1993 (Jones, , 1994 Jones, Alford, Bridges, Tremblay, & Macken, 1999; Jones, Alford, Macken, Banbury, & Tremblay, 2000; Jones, Beaman, & Macken, 1996; Jones, Farrand, Stuart, & Morris, 1995; Jones, Macken, & Mosdell, 1997; Jones, Madden, & Miles, 1992 Sommer Tremblay & Jones, 1998) . Accordingly, MMN would show no special role in memory disruption. In support of the functional hypothesis, the results showed that increments in the set size of the ignored sequences of sound from one to nine tokens, as well those from two to nine tokens, impaired memory task performance. In contrast, no significant difference in memory disruption was found between the one-and the two-token (oddball) conditions. Thus, the behavioral findings are consistent with the view that memory disruption is related to auditory change, irrespective of whether the change violates some regularity or not. Indeed, the number of changes increased dramatically between the two-and nine-token sequences. Whereas two-token sequences contained only nine changes (two per deviant, except for the sequence-final one), in the nine-token sequences, each stimulus exhibited a change from the preceding one (see Methods). Because MMN elicitation could only be expected in the oddball (two-token) sequence, the behavioral results suggest that MMN plays no special role in the memory disruption caused by ignored sounds. Rather, the generation of N1 remains more tenably related to the mechanisms via which auditory change produces memory disruption (Campbell et al., 2002 (Campbell et al., , 2003 . N1 would also be elicited under circumstances when a repeated standard still produces a disruption relative to silence despite the absence of change within the ignored sequence of sounds (Tremblay & Jones, 1998, Experiment 1; LeCompte, 1995, Experiments 1-5) . Further, increases in memory load have been shown to increase disruption while augmenting N1 (Valtonen, Ma¨kinen, May, & Tiitinen, 2003) . This load-related N1 enhancement occurred alongside an increase in disruption, even when the amount of changes in ignored auditory sequences was identical. The point is that the same changes were more disruptively potent under conditions of higher memory load (see also Gisselga˚rd, Petersson, Baddeley, & Ingvar, 2003; Gisselga˚rd, Petersson, & Ingvar, 2004; Campbell, 2005; Gisselga˚rd, Udde´n, Ingvar, & Petersson, 2007) , conditions which also augment the N1 amplitude (Valtonen et al., 2003) . Accordingly, disruption could be related to the neuronal generation of the response to the ignored sounds, which causes augmented N1 responses, rather than disruption being directly related to auditory change processing per se.
Previous investigations (Campbell et al. 2003 have shown increased N1 amplitudes to coincide with memory disruption. The current results are compatible with these findings. First, the N1 amplitude was significantly higher in the nine-than in the one-token sequences. Whereas the averages collected from the analysis period provide a good estimate for the average N1 amplitude in the one-and nine-token sequences, estimating the N1 amplitude in the oddball sequence requires a weighted average of the responses elicited by deviant and standard stimuli. Out of the 45 tones presented during the trials, 5 were deviants, 40 standards. Thus the estimate would be (40 Â A s 15 Â A d )/45, where A s and A d denote the amplitude measured for standards and deviants, respectively. Parenthetically, it is also assumed that the presence of the prelude has no effect on either memory disruption or N1, which was confirmed by the results.
The above formula shows that the average N1 amplitude for the whole oddball sequence would be only slightly higher than the N1 amplitude elicited by standards, which in turn can be expected to be approximately equal to the N1 amplitude in the one-token sequences. In passing, it is worth considering that this estimate of the average N1 amplitude does not take into account the possibility that a part of the response elicited by deviants may be distinct from N1, that is, it is MMN. Taking that into account would bring the estimated average N1 amplitude of the oddball sequences even closer to the one-token N1 amplitude.
Thus, the full-sequence average N1 amplitudes would show the following relationship A 1 ffi A 2 oA 9 , where A 1 , A 2 , and A 9 denote the average amplitudes for the one-, two-, and nine-token sequences, respectively. This pattern was exactly that observed for the amount of memory disruption in the experimental conditions. Thus, the current results support the N1 hypothesis of memory disruption (Campbell et al., 2003 .
In terms of the functional hypothesis separating N1 and MMN, the current results provided evidence for a functional distinction of the processes underlying the observable N1 and MMN responses. Whereas the N1 amplitude was found to be closely related to the amount of memory disruption, no evidence was found for an effect of MMN upon memory disruption. Furthermore, the presence or absence of the preludeFa manipulation of the strength of the memory trace of the standard stimulusFshowed no discernible effect upon memory disruption. This result is somewhat surprising, because in previous studies it was often found that infrequent deviants eliciting MMN can distract from an ongoing task (for a review, see Escera, Alho, Schro¨ger, & Winkler, 2000) . These studies also found that the P3a component, usually interpreted as an ERP index of attention switching (Friedman, Cycowicz, & Gaeta, 2001 ) was concomitant with the behavioral distraction. However, in the current study, no P3a increase accompanied the increase of memory disruption (see Figure 2) . We, therefore, suggest that the memory disruption observed in the current study relies on different mechanisms than those commonly observed for distraction in studies employing the oddball paradigm. The lack of an increase in P3a alongside an increase in memory disruption may be taken as a sign that the current form of memory disruption does not require attentional capture. A distinct form of auditory distraction has been extensively investigated previously.The generation of P3a has been suggested to be a necessary condition for this distinct form of distraction to produce a disruption of performance (Escera et al., 2000) . Corroborative evidence of a slightly different sort (Rinne, Sa¨rkka¨, Degerman, Schro¨ger, & Alho, 2006) has indicated that there is a form of distraction that is associated with the increase of the N1 amplitude, yet dissociated from a distinct form of distraction that is, instead, associated with the MMN. Although the primary task was different from the current one, the differences in character of the distraction associated with MMN and N1 could parallel the functional distinction between N1-and MMN-related processes found in the current study. One may also argue that the advantage of the nine-token sequence over the two-token (oddball) one in memory disruption was due to the fact that relatively few deviants appeared in the oddball sequence. However, using the ''optimal MMN'' paradigm (Na¨a¨ta¨nen, Pakarinen, Rinne, & Takegata, 2000) , which delivers MMN-eliciting sounds with a high temporal density, we found no increase in memory disruption relative to that occurring in the corresponding one-token sequence (Laitinen & Campbell, 2006) . Furthermore, it has been shown that the temporal frequency of changes does not strongly affect the amount of memory disruption (see Tremblay & Jones, 1998, Experiment 4) . These results are compatible with the view that the factors influencing N1 also influence memory disruption, whereas the factors specifically influencing MMN elicitation do not (Campbell et al., 2002 (Campbell et al., , 2003 .
In summary, the current results confirmed all three hypotheses set up to distinguish MMN from N1. Deviants in the oddball 538 T. Campbell, I. Winkler, and T. Kujala condition elicited a higher amplitude response in the N1/MMN latency range than identical tones presented with equal probability within the nine-token sequences (additivity hypothesis). The scalp distribution of the response elicited by deviants (oddball condition) was different from that elicited by identical tones in the one-and nine-token conditions (distribution hypothesis). Finally, there was no special role for MMN in producing memory disruption in a delayed serial recall task (cf. pitch discimination; Rinne et al., 2006) . In contrast, memory disruption and the N1 amplitude increased together (functional hypothesis), as was found previously (Campbell et al., 2003 Valtonen et al., 2003) . In addition, differences were found between the oddball deviant and the identical tones of the one-and nine-token conditions in the scalp distribution of the N1/MMN peak latency. Taken together, these results support the existence of MMN generators that are separate from those of the auditory N1 wave. Some of the other results obtained in the current investigation corroborate previous findings. Frontocentrally, the N1 response to control tones was less refractory than that seen to the onetoken sequence. There was also a refractoriness-related prolongation in N1 latency to standards relative to control, both at the mastoids and frontocentrally. These results confirm previous similar observations (e.g., Jacobsen et al., 2003) .
One result, however, contrasts with previous findings. The absence of a disruption produced by pitch deviation shown in this experiment, when such a disruption has been seen in a previous investigation (Lange, 2005 ) is a discrepancy that can, however, be readily reconciled. Deviants were presented during the retention interval in the current experiment, whereas deviants were presented alongside the to-be-remembered list in this previous investigation (Lange, 2005) . Together these findings are thus broadly commensurate with those of a recent series of behavioral experiments (Hughes, Vachon, & Jones, 2005) : Only deviants presented during the interval when the to-be-remembered items are delivered, and not deviants presented during a retention interval, produce a disruption of memory on a delayed serial recall task. The common cognitive requirement of presentation and retention intervals is that of memory retention, whereas one key difference is that new information is being registered into memory during the presentation interval. That processing of deviant ignored material disrupts performance when deviants are heard during presentation, yet not when deviants are heard during the retention interval, could indicate that deviant processing of the to-be-ignored sound disrupts the registration of new to-beattended material into memory rather than the retention of that material.
A final discrepancy with the experimental precedent was that a significant influence of prelude was neither seen upon MMN nor upon memory disruption. The implication for MMN is that two repetitions of the standard tone (three identical tones in a row) were sufficient for a distinct MMN to be elicited by subsequent deviants (cf. Cowan et al., 1993) . For theoretical accounts of memory disruption (Campbell et al., 2003 Jones, 1993; Jones et al., 1996) , the implication is that deviations from a previously detected regularity may interfere with the registration of new material into memory (Hughes et al., 2005; Lange, 2005) . By contrast, all changes, irrespective of whether they represent deviation from a previously detected regularity, interfere with the retention of material that has been already registered into memory.
